INTRODUCTION
Superhydrophobic surfaces are highly in demand for their various potential applications in self-cleaning windows, 1 anticorrosion, 2 antiicing, 3 antibacterial, 4 cell/protein adhesion, 5 smart materials, 6 oil/water separation membranes, 7 for example. Such performance can be obtained combining low surface energy materials with the formation of surface structures, as observed on natural surfaces. [8] [9] For fluorocarbon, hydrocarbon and silicone materials used as low surface energy materials, several strategies can be used to form surface structures. [8] [9] The formation of surface structures can also, for example, be performed by electrodeposition of conducting polymers. [9] [10] [11] [12] [13] [14] [15] This process corresponds to the oxidation of monomers present in solution using an electrochemical system to deposit the corresponding conducting polymer film on the working electrode. If the monomers are substituted with hydrophobic substituents, that can result in a one-pot process. [16] [17] [18] [19] [20] The formation of surface structures and the surface hydrophobicity/oleophobicity depend implicitly on electrochemical parameters but also on the monomer structures. The nature of the monomer is highly important and 3,4-propylenedioxythiophene (ProDOT) is an ideal template for several reasons including its exceptional polymerization capacity and the possibility to introduce substitution several positions. [16] [17] [18] [19] [20] [21] [22] [23] [24] Moreover, the surface morphology of poly (3,4-propylenedioxythiophene) (PProDOT) importantly depends on intrinsic hydrophobicity of the substituents and various morphologies going from nanofibers SCHEME 1 Mixed original monomers synthesized in this manuscript.
(for highly hydrophilic substituents) to cauliflower-like structures (for highly hydrophobic substituents) as has been. [21] [22] [23] [24] Usually, fluorocarbon and hydrocarbon chains are used to increase the surface hydrophobicity but only fluorocarbon chains can be used to generate surface oleophobicity. However, chemicals with long fluorocarbon chains are known to bioaccumulate in animals and humans. [25] [26] To overcome the problems associated with long fluorocarbon chains in the generation of superhydrophobic surfaces, different strategies have been developed: the use of hydrocarbon derivatives as found in Nature, often leading also to superoleophilic properties, and/or the use of short fluorocarbon chains (perfluorobutyl or C4F9, for example). Indeed, it has been demonstrated that the bioaccumulative potential of fluorocarbons depends on chain length, and that those with seven or less perfluoromethylene units can be considered as non-bioaccumulative. [25] [26] Here, we report for the first time the study of the surface morphology and wettability of electrodeposited mixed (hydrocarbon and fluorocarbon) conducting polymers. The three original monomers derived from ProDOT and represented in Scheme 1 were synthesized by substitution of ProDOT in the 3-position by both a hydrocarbon chain and a fluorocarbon chain. The corresponding polymers were characterized by scanning electron microscopy (SEM) and by measurements of apparent and dynamic contact angles using different probe liquids (water, diiodomethane, hexadecane) to determine the surface hydrophobicity and oleophobicity.
EXPERIMENTAL
The general procedure to synthesize the monomers is represented in Scheme 2. All chemicals were purchased from Sigma Aldrich. Diethyl 2-(3,3,4,4,5,5,6,6,6-nonafluorohexyl)malonate (1) was synthesized using a procedure reported in the literature. [27] [28] [29] The synthesis of the other intermediates (2a, 2b, 2c, 3a, 3b, 3c as represented in Scheme 2) is described below.
Monomer synthesis and characterization
Synthesis of diethyl 2-ethyl-2-(3,3,4,4,5,5,6,6,6-nonafluorohexyl)malonate (2a) Sodium hydride (2 eq., 20 mmol) was dissolved in 100mL anhydrous tetrahydrofuran (THF). Then 1 (1 eq., 10 mmol) was added drop-wise. After stirring for 30 min, diethyl sulfate (1 eq., 10mmol) was added and the mixture was heated under reflux for 48 hr. The solvent was evaporated under reduced pressure, then 40 mL of water was added, and the organic mixture was extracted by diethyl ether. The collected organic phases were washed using brine, dried over anhydrous Na2SO4. SCHEME 2 Synthesis route to the monomers.
Purification was done by flash chromatography on silica gel (7:3 chloroform:cyclohexane) to obtain the pure product. Yield 25%; Colourless liquid; 2b and 2c were synthetized as described in the literature [27] [28] [29] mixing K2CO3 (1.2 eq., 26 mmol) of tetrabutylammonium bromide (TBAB) (0.5 eq., 11 mmol), 1 (1 eq., 22 mmol) and the corresponding 1-bromoalkane (1 eq., 22 mmol) in 100 mL of THF. The mixture was heated under reflux for 48 hr. After cooling to room temperature, salts were filtrated and washed with ethyl acetate. The solvent was evaporated, and the mixture was distilled under pressure to obtain the products. Compound 2 (1 eq., 5 mmol) was added to a solution of LiAlH4 (2.5 eq., 12 mmol) in 100 mL of diethyl ether in an ice bath. The reaction mixture was stirred at 40 °C overnight. A mixture of ammonium chloride and diethyl ether was added, and then HCl (1N) was added to neutralize the remaining aluminum salts. The aqueous mixture was extracted with diethyl ether. The collected organic phases were washed using brine, dried over anhydrous Na2SO4, affording to the diol. 
Synthesis of ProDOT-F4Hn
3,4-dimethoxythiophene (1 eq., 2.6 mmol), the corresponding diol (1 eq., 2.6 mmol) and ptoluenesulfonic acid (0.3 mmol) were added to 30 mL of toluene. After stirring for two days at 90°C, the product was purified by column chromatography gel (eluent; 1:1 dichloromethane:cyclohexane).
3-ethyl-3-(3,3,4,4,5,5,6,6,6-nonafluorohexyl)-3,4-dihydro-2H-thieno [3,4- 
Electrochemical deposition
The depositions were performed using an Autolab potentiostat of Metrohm. Electrode plates, consisting in a deposition of 20 nm chromium and 150 nm gold on silicon wafer were purchased from Neyco. Glassy carbon rods were purchased from Metrohm. Saturated calomel electrodes (SCE) were purchased from Radiometer analytical. For the experiments, a glass cell was connected to the potentiostat via a three-electrode system: a gold plate as working electrode, a carbon rod as counterelectrode and a SCE as reference electrode. 10 mL of anhydrous acetonitrile containing 0.1 M of tetrabutylammonium perchlorate (Bu4NClO4) was put inside the glass cell. After degassing under argon, the monomer oxidation potential was determined by cyclic voltammetry (E ox  1.60 V vs SCE). Then, the depositions were also performed by cyclic voltammetry (between -1 V vs SCE and a potential slightly lower to E ox ) which allows these monomers to polymerize on the surfaces as highly adherent and homogeneous films. Here, the films were deposited with a scan rate of 20 mV s -1 and after one, three and five scans. An example cyclic voltammogram is given in Figure 1 . Steric hindrance, due to the sizes of the two substituents was observed for each monomer (the polymer oxidation potential increases as the increase in the number of scans). Finally, the substrates were washed with acetonitrile and dried in a vacuum oven over night. 
Surface analyses
The surface wettability was determined by apparent and dynamic contact angle measurements using a DSA30 goniometer (Krüss). Three liquids of different surface tensions were used: water (L = 72.8 mN/m), diiodomethane (L = 50.0 mN/m) and hexadecane (L = 27.6 mN/m). The apparent contact angles were obtained with the sessile drop method and the dynamic contact angles with the tilted-drop method. After surface inclination, the hysteresis (H = adv -rec) was determined just before the droplet rolled off the surface. The maximum surface inclination is called sliding angle (). The surface structures were observed by SEM images with a 6700F microscope of JEOL.
RESULTS AND DISCUSSION

Surface wettability
The apparent and dynamic contact angle measurements of the polymer films electrodeposited by cyclic voltammetry are gathered in Table 1 and Figure 2 . The highest repellency surfaces were obtained after five scans. Surprisingly, superhydrophobic surfaces were obtained with the three polymers but extremely low hysteresis (H) and sliding angles () were recorded only for the films made using the shortest alkyl chain length (H = 0.4 and  = 0.6 for PProDOT-F4H2 and H = 7.9 and  = 5.1 for PProDOT-F4H4).
By contrast, water droplets deposited on PProDOT-F4H6 remained stuck showing extremely high adhesion. PProDOT-F4H2 showed also the highest repellency properties for diiodomethane. However, the influence of the alkyl chain length on the apparent contact angle of hexadecane was not significant and did not exceed 80°.
Surface structures
To explain the differences observed in wettability, the surface morphologies were investigated by SEM, and images of the polymer-coated surfaces are given in Figure 3 . The most structured surfaces were obtained for PProDOT-F4H2. This surface was composed of microstructures made of nanofibers, explaining the extremely high repellent properties measured on this surface. Indeed, it was demonstrated in the literature that the presence of nanofibers on a surface can lead to extremely high apparent water contact angles with extremely low H and . 30 Here, the increase in the alkyl chain length induced a notable change in surface morphology from nanofibers to nanosheets, accompanied by an decrease in surface roughness. This change in surface morphology can be explained by the decrease in the solubility of the oligomers formed in the initial stages of electropolymerization in agreement with literature. 31 Indeed, in a very polar solvent (acetonitrile), it is expected that the polymer solubility decreases with increasing alkyl chain length.
Discussion
The differences observed in the surface wettability of the three polymers can be explained using the Wenzel (cos  = rcos  Y with r a roughness parameter and  Y Young's angle) and Cassie-Baxter (cos  = fcos  Y + f -1 with f the solid fraction and (1 -f) the air fraction) equations. [32] [33] Because these two equations depend on  Y , [34] we have first prepared a "smooth" surface for each polymer. The smooth surfaces were obtained changing the deposition method (deposition at constant potential) and using an extremely short deposition charge (Qs = 1 mC cm -2 ). Indeed, in the initial stages of electropolymerization only a smooth layer of polymer covering all of the working electrode was obtained, and the formation of nanostructures only occurs a little after this period. The values of  Y are gathered in Table 2 . The polymers are intrinsically hydrophobic ( Y water > 90°) and intrinsically oleophilic ( Y hexadecane < 90°). As expected, the contact angle for water increased with alkyl chain length because it depends on the number of CF3 and CH3 groups present at the outer surface. A decrease was observed for the contact angles with hexadecane because they should increase with the CF3 groups but decrease with the number of CH3 groups (two opposite effects). Now, the Wenzel and Cassie-Baxter equations will be used to explain the different wettabilities of the polymer films. When a liquid droplet is in the Wenzel state, [32] the droplet fully wets the rough surface leading to an increase in the solid-liquid interface due to the roughness. Here, the roughness increases the surface hydrophobicity/oleophobicity of intrinsically hydrophobic/oleophobic materials, and reversely. Moreover, due to the increase in the solid-liquid interface area, there is an increase in the roughness which leads increases in H and . By contrast, when a liquid droplet is in the Cassie-Baxter state, 33 it is suspended on top of the surface roughness and on air present between the droplet and the surface. This time, the increase in liquid-vapor interface area due to the presence of air increases the apparent contact angle but decreases H and . This behavior is more often called the "Lotus Effect" and is associated with the self-cleaning properties of lotus leaves. The ultra-low adhesion and hysteresis of water droplets during rainfall allows the leaf surfaces to be both clean and dry. 8, 9, 35 Moreover, it was demonstrated that structure formation at both the micro and nanoscale is a way to produce highly robust superhydrophobic properties. [36] [37] [38] [39] Intermediate states (between the Wenzel and Cassie-Baxter state) can also exist. For example, a Cassie-Baxter impregnating state was observed on the surface of red rose petal (Petal effect). 40 Indeed, when a water droplet is deposited on this surface, it remains stuck even after inclination of 180°, indicating of extremely high adhesion. This is due to the fact that water droplets enter into the large grooves of the petal but not into the small ones. In the cases described here, for a scan number = 5, water droplets deposited on PProDOT-F4H2 and PProDOT-F4H4 surfaces were in the CassieBaxter state (Lotus effect) thanks to the presence of micro-and nanostructures, whereas, water droplets deposited on PProDOT-F4H6 were in a Cassie-Baxter impregnating state (Petal effect) owing to the presence of nanosheets. Moreover, the polymers are intrinsically oleophilic but the surface structures induced an increase in diiodo and hexadecane, this increase can be explained with the Cassie-Baxter equation even if here the droplets were in an intermediate state. Indeed, a pinning of the three-phase contact line due to the presence of specific surface topographies can induce this effect. [41] [42] [43] 
CONCLUSIONS
Here, has been shown the possibility to obtain superhydrophobic surfaces with good oleophobic properties replacing long fluorocarbon chains, due to their bioaccumulative potential, by shorter ones. The results demonstrate the possibility to achieve such properties by electropolymerization of novel 3,4-propylenedioxythiophene derivatives containing both a short fluorocarbon chain (perfluorobutyl) and a hydrocarbon chain of various length (ethyl, butyl and hexyl). The lowest adhesion properties (Lotus effect) 36 were surprisingly obtained with the shortest alkyl chains due to the presence of nanofibers microstructures on the surface while the longest alkyl chains led to nanosheets with higher adhesion (Petal effect). 40 These materials can be envisaged for various applications including biomedical applications. 4, 5 Initiative on Multilateral Research Funding -G8-2012.
